Quantitative Histochemistry of the Primate Skin II. Fructoaldolase**From the Oregon Regional Primate Research Center, Beaverton, Oregon 97006. by Adachi, Kenji & Yamasawa, Shoko
THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Copyright 1966 by The Williams & Wilkins Co.
Vol. 46, No. 6
Printed in U.S.A.
QUANTITATIVE HISTOCHEMISTRY OF THE PRIMATE SKIN
II. FRUCTOALDOLASE*
KENJI ADACHI, M.D., hiD. AND SHOKO YAMASAWA, B.Sc.
The present communication is concerned with
fructoaldolase in primate skin which catalyzes
the reversible cleavage of fructose diphosphate
to dihydroxyaeetone phosphate and n-glyeeral-
dehyde-3-phosphate. This enzyme occupies one
of the key positions in the Emhden-Meyerhof
glycolytie pathway; its metabolic significance
will be discussed later.
The presence of fruetoaldolase in the skin was
previously demonstrated with the hydrazine-
color reaction by Hershey et at. (1, 2). In this
study we have applied a fluorometrie method
for the assay which gives much higher sensi-
tivity and accuracy than the previous method
using color reaction.
MATERIALS AND METHODs
The materials and general analytical technics
were essentially the same as those applied in the
preceding paper (3). Fructoaldolase activity was
essentially according to Lowry and Passonneau(4). It is based on the measurement of the reac-
tion products, n-glyceraldehyde-3-phosphate and
dihydroxyacetone phosphate, by the addition of
auxiliary enzymes, triose isomerase and glycero-
phosphate dehydrogenase. Tbe latter enzyme cata-
lyzes NADH-coupled reaction, which may be
measured fluorometrically. The complete fructo-
aldolase substrate reagent consisted of: 1 mrs
n-fructose-i, 6-diphospbate, 0.5 m NADH, 0.05%
bovine plasma albumin, 2 eg/ml reagent mixture
crystalline triose isomerase, 10 eg/ml crystalline
a-glycerophosphate dehydrogenase, 100 miii Tris-
HC1 buffer, pH 7.6, and 10 1d of the epidermal
homogenate (1%, usually) in a total volume of
50 tel." 2 The mixture was incubated for 30 mm at
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'Abbreviations used are: NAD and NADH
nicotinamide adenine dinueleotide, oxidized and
reduced form; EDTA = ethylenedinitrilotetra-
acetic acid.
5Fructose-l , 6-diphosphate was obtained through
California Biochemical Corp. NAD, NADH, and
the enzymes were purchased from Sigma Chemical
Company. The crystalline triose phosphate isomer-
ase (from rabbit muscle) has a specific activity of
37°C. After the reaction was arrested in ice water,
4 el of 6 N HC1 was added to each tube to de-
stroy unreacted NADH. Subsequently 10 id of
aliquot was added to 100 zl of 6.6 N NaOH in the
bottom of a 3 ml fluorometer tube and left for
30 minutes at 37°C to develop the fluorescence due
to NAD formed by the reaction. The sample was
diluted with 1 ml of redistilled water and the
fluorescence was measured by a Farrand fluorom-
eter as described previously (3). Blanks consisted
of reaction mixtures only because tissue blanks
were negligible. Standards, 10 to 30 mMmoles
NAD7tube, were always run simultaneously.
For quantitative histochemieal studies of dis-
sected skin and its appendages, the reaction
mixture (12 pl) was added to the sample (0.5
to 5 'eg) incubated for 30 minutes at 37°C. Five
4 of 1 N HC1 were added and 12 el of this aliquot
was transferred into 3 ml Iluorometer tubes for
the resulting NAD measurement as described
above. Standards used were 0.8 to 1.5 mAcmoles
NAD/tube.
Stock NAD and NADH solutions were kept
frozen at —20°C. However, it is recommended
that the NADH solution be prepared fresh
weekly since spontaneous oxidation of the NADH
causes considerable high blank value.
RESULTS
The optimal pH for fructoaldolase ordinarily
was found to be between 7.3 and 8.1 (Fig. 1).
The pH curve has a somewhat flat-topped peak,
and it is noteworthy that the physiological pH
(7.3) is within an optimal range. Figure 2 shows
a typical experiment of the effect of the sub-
strate, fructose-i, 6-diphosphate. The optimal
concentration of the substrate is found to be
0.25 mM; a further increase in concentration
does not cause any inhibition. Figure 3 shows
a graphic analysis of Michaelis constant for
fructose-i, 6-diphosphate. Although the enzyme
source is crude epidermal homogenate, a value
obtained, S x 10° M, is close to 6.2 x i0-° for
purified muscle fructoaldolase (5). The effect
of NADH was also tested. The reaction reaches
an optimum between 0.5 to 1.5 miii, and the ex-
cess amount of NADH (4 mM) is obviously in-
2500 pmoles/mg protein/mm. at pH 7.6 at 25°C.
The a-glycerophosphate dehydrogenase (crystal-
line, from muscle) has an activity of 75 Acmoles/mg
protein/mm. at pH 7.4 at 25°C.
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FIG. 1. pH activity curve. The reaction mixture
as described in the text at different pH's. The
ordinate shows the fluorescence (due to NAD
formed), which is the microammeter reading after
subtracting the blank.
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FIG. 4. Effect of enzyme concentration and reac-
tion rate. The assay system as described in the
text. The epidermal homogenate used was 125%,
2.5%, and 5% as indicated in this figure.
TABLE I
Effect of omittin,g one constituent from the
reaction mixture
0
Constituent omitted Enzyme activity(mmoles/hr/kg
wet wt.)
None*
Fructose-i, 6-diphosphate
NADH
Triose isomerase
a-Glycerophosphate dehydrogenase
95.0
2.2
1.0
76.8
20.200 200 300 400 500 1000
Fructose diphosphate ,tM
Fio. 2. Effect of fructose-i ,6-diphosphate con-
centration. The test system as in Fig. 1 at pH 7.6
with different substrate concentrations.
'/ x
20
* The complete system as described in the text.
hibitory (70% of the optimum value). Figure
4 shows the time course of the reaction at dif-
ferent levels of epidermal homogenate concen-
tration. Under the optimal test condition de-
scribed above, a linear rate was assessed up to
nearly 20 mfimoles of NAD production per re-
action tube.
To validate the test system for fructoaldolase,
one of each of the constituents was omitted
from the reaction mixture each time before the
enzyme activity was assayed (Table I). When
the substrate or NADH were omitted, there was
practically no fructoaldolase activity. With the
omission of triose isomerase or a-glycerophos-
phate dehydrogenase, enzyme activity was 75%
or 20% of the optimal condition, respectively.
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FIG. 3. Graphic analysis of Km for the substrate.
Assay system as in Fig. 2.
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TABLE II
Fructoaldolase activity5 of various skin structures
Rhesus StumP-ta,
Scalp
Epidermis 418 623
Hair follicle 1186 1344
Eecrine gland 1406 1681
Apocrine gland — 2380
Sebaceous gland 1098 1104
Dermis 50 29
Sole
Keratin layer S 13
Granular layer 388 443
Prickle layer 915 1260
Basal layer 627 1198
Eccrine gland 1230 1260
Dermis 10 2
Lip
Mucous membrane, upper 600 532
Mucous membrane, lower 1440 1340
Sebaceous gland 964 1164
* Fructoaldolase activity is expressed as
mmoles of the substrate decomposed per hour per
kilogram of dry weight sample (mmoles/hr/kg
dry wt.). Each figure is the mean of five deter-
minations.
This result indicates the presence of these en-
zymes in the epidermal homogenate although
they are not sufficient to obtain maximal fruc-
toaldolase activity.
The effect of EDTA was also tested because
it inhibits fructoaldolases obtained from various
microorganisms but not those obtained from
mammalian tissues. No inhibitory effect for epi-
dermal fructoaldolase was observed at 10, 10
and 10 M EDTA final concentrations.
Quantitative histoehemical data on fruetoal-
dolase activities in various parts of the skin of
primates are summarized in Table II. Each
value represents the mean of five determina-
tions. The extent of the variation is similar to
data reported previously (2). The regional
variation of fruetoaldolase activity in the rhesus
monkey is found to be essentially the same as
that found in the stump-tail macaques. The
highest activity (2400 mmoles/hr/kg dry wt.)
is found in the apocrine sweat gland. The cc-
erine sweat glands of the scalp (parietal region)
also have high activity, 1400 to 1680 mmoles/
hr/kg dry wt., as do those from the sole as well
as the apoerine and sebaceous glands from the
scalp and lips (1000 to 1300 mmoles/hr/kg dry
wt.). The hair follicle was also found to be rich
in fructoaldolase activity. The epidermis, in gen-
eral, shows less than half as much activity when
compared with the activity of other append-
ages. However, the data on the epidermis from
the sole indicates that fruetoaldolase activity in
the epidermis is concentrated in both prickle
and basal layers which actually have as high ac-
tivity as do other appendages.
DISCUSSION
Epidermal fructoaldolase has certain charac-
teristics which are similar to those of brain and
muscle. The brain enzyme (6), for example,
shows a broad p11 optimum, which is similar to
the skin enzyme. The Michaelis constants for
the epidermal homogenate, brain and skeletal
muscle fructoaldolases (5, 6) are at the same or-
der of magnitude (5 x 10 M). Also, EDTA
does not affect the activity of epidermal fruc-
toaldolase, as it does not that of muscle and
liver; EDTA, however, has been known to in-
hibit the fructoaldolases from microorganisms.
When the present study is compared with
previous data on human skin (1, 2), the fructo-
aldolase activities in primate skin and append-
ages are found to be two to 10 times higher than
those in human. This discrepancy is, in part,
due to different assay methods (colorimetric vs.
fluorometric) applied, and may also be due to
species differences.
In general, fructoaldolase activity has been
correlated with the occurrence of the Embden-
Meyerhof glycolytic pathway. It has been
shown that Leuconostoc mesenteroides (7),
which do not have the Embden-Meyerhof path-
way, apparently lack fructoaldolase activity,
and the higher the specific activity of fructoal-
dolase, the more dominant the Embden-Meyer-
hof pathway is (8). Therefore, the presence of
an extremely high fructoaldolase activity in pri-
mate skin and appendages (twice as high as that
in brain) is suggestive of active performance of
the Embden-Meyerhof pathway in skin. At the
same time it is assumed that an efficient forma-
tion of one of the products, dihydroxyacetone
phosphate, may be utilized as a substrate for
the production of C4, C5, C, and C7 mono- or
diphosphate intermediates, such as fructose-i-
phosphate, erythrulose-1-phosphate. etc.
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SUMMARY
Fruetoaldolase activity in primate skin and
appendages has been assayed with a highly
sensitive fluorometrie method. Epidermal fructo-
aldolase has characteristics similar to the
fructoaldolases obtained from animal sources.
The fructoaldolase activities of various skin
structures are remarkably high; all glandular
structures (except for apocrine sweat glands.
which have the highest activity of 2400 inmoles/
hr/kg dry wt.) and active epidermal layers
contain activities ranging from 1000 to 1600
mmoles/hr/kg dry weight. It is possible that
these high fructoaldolase activities in skin and
appendages reflect active glycolysis through the
Embden-Meyerhof pathway.
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